Abstract The backwater of Veli-Akkulam, adjoining the Arabian Sea in the south-west part of Indian Peninsula, is a coastal wetland system and forms an integral part of the local ecosystem. In addition to the usual marine interactions, this water body is subjected to anthropogenic interference due to their proximity to the Thiruvananthapuram City urban agglomeration. This paper showcases how an urban agglomeration alters wetland system located within a tropical monsoonal environment. Water samples from this lake together with different feeder streams reveal that the lake is under the threat to eutrophication. A spatio-temporal analysis has shown that the lake and adjacent wetlands are shrinking in a fast pace. Over a period of about seven decades, the lake has shrunk by 28.05 % and the wetlands by 37.81 %. And hence, there is a pressing requirement of ecomanagement practices to be adopted to protect this lake.
Introduction
Brackish water lakes of Kerala, called 'kayals' (in native 'Malayalam' language) or backwaters or coastal lagoons, and its associated flood plains form the coastal wetland system of Kerala. The total estimated wetland area is 127,930 ha comprising 34,200 ha of 'inland wetlands' and 93,730 ha 'coastal wetlands' (Nair 2007) . It is generally believed that these coastal wetlands have evolved through gradual regression of the sea after the Holocene marine transgression (Bruckner 1989; Ravindrakumar et al. 1990; Thrivikramji et al. 2007; Nair 2007; Nair et al. 2010; . Among the various states in India, Kerala stands first in having the largest area of wetlands (Nayar and Nayar 1997) . Physiographically, all the brackish lakes are located in the coastal tract, whereas the freshwater lakes occupy the mid-land portion. The lowrelief coastal plain topography of Kerala is renowned for the presence of several backwaters of very special forms in plan view and unique orientation with respect to the modern shoreline (Sabu and Thrivikramji 2002) . Backwaters play an important role in the field of transportation, fishing, navigation, irrigation and drinking water schemes in Kerala (Muraleedharan and Muraleedharan 2002) . They also play a vital role in shaping the socio-economic and climatic condition of the state.
Many studies have been carried out on the Veli-Akkulam Lake which includes soil study (Slimmings 1997) , an integrated environmental assessment (Muraleedharan Nair et al. 1998) , methane emission and diurnal pattern (Divya 2007) , heavy metal pollution monitoring using lichens (Salini 2007) , lake morphology and water quality (Sheela et al. 2011) , heavy metal (Swarnalatha et al. Swarnalatha et al. 2012 ) and extent of sea-level rise (Sheela et al. 2013 ). The studies, on a whole, indicate that the heavy metal content of Veli-Akkulam Lake is high and that the water quality depends on the morphometric features like mean depth, surface area, volume. These studies further show that the dilution capacity is very low for the Veli-Akkulam Lake and also that the nitrate and phosphate content of the lake is high.
The present study mainly focuses on the hydrogeochemistry of this coastal wetland system as well as the streams feeding this lake. This study on the hydrogeochemistry will be of immense help in updating the existing ecological and environmental geochemical database of the lake. This lake is slowly dying due to eutrophication induced by the continuous inflow of effluents from the streams draining the urban agglomerate, and any addition to the knowledge base on the health of the lake is of immense importance in nurturing the lake back to health and also to prevent any further deterioration. As the lake is situated in between Thiruvananthapuram City and the nearby fast-developing information technology hub-Kazhakkuttam-where numerous skyscrapers have emerged and related constructional activities have resulted in filling up of various wetlands, a study on the spatio-temporal changes in the natural environment of the area is also a pressing requirement.
Study area
The Veli-Akkulam Lake, a famous tourist destination, is located about 8 km north of Thiruvananthapuram and fringes the Arabian Sea in the western coast of India (Fig. 1) belonging to Viyyam Formation formed by laccustrine processes. Geomorphologically, these areas are influenced by coastal and marine activities. A bar separates this lake from the Arabian Sea which is usually opened during monsoon to prevent upstream flooding and inundation, and a new bar is naturally created by the long-shore currents after the monsoon. Marine ingressions are common.
Methodology
Thirty-four surface water samples (as shown in Fig. 1) were collected, which includes lake samples (18 nos) and samples from the streams (16 nos) that feed the lake, in order to understand the hydrogeochemistry of this wetland system. The physical parameters of water like colour, (Piper 1953) , US salinity (1954) and Wilcox (1955) for understanding the suitability of water for various uses. Spatio-temporal changes of Veli-Akkulam Lake and land-use/land-cover changes were studied using Survey of India topographic sheets 58D/14 for the years 1942 (on 1:63,500 scale), 1990 (on 1:25,000) and the Google Earth Imagery of 2013. All the temporal data were analysed in a GIS environment using MapInfo Professional 10.5.
Results and discussion

Hydrogeochemistry of the coastal wetland system
This area offers an excellent example to study the spatial variation of geochemistry of a lake and its feeding streams within a small geographical area of about 135 km 2 . The results of the analysis of the 34 different water samples collected from both the lake and the stream are given in Tables 1, 2 and 3. Table 1 provides the physical parameters of the water samples. Since the lake is situated in the fringe of an urban area, the physical parameters reflect the influence of urbanization in surface water. There is a deterioration of quality of water as it travels down through the agglomeration. Most astonishing feature noticed in the water samples collected from feeder stream is that the odour and colour varies from odourless (mainly Amaizhanchan stream) to slightly pungent to pungent (mainly Kulathur stream) and clear to black towards the confluence. But the lake water samples are odourless and slightly clear to grey in colour.
The minimum, maximum and mean values of all hydrogeochemical constituents are tabulated and compared with Bureau of Indian Standards (BIS, 1991) and are given in Table 2 . The comparison shows that only two locations (from Kulathur stream) show high variation from the BIS values. In the rest of the streams, all the constituents are within the permissible limit. Table 3 provides the values of chemical constituents of all the samples of the feeder streams and lake in the study area. The physico-chemical constituents of the samples show wide variations, even within the lake as well as between different feeder streams. Of the different feeder streams, Kulathur stream (sample nos 20 and 21) shows the maximum values for majority of the constituents, whereas Kulathur stream (sample no 27) shows the minimum value. Such a major variation in the geochemistry of a watershed within an urbanized environment can be easily attributed to anthropogenic interferences. Dumping of waste materials in the streams is a common phenomenon in majority of the urban areas in developing nations, and the study area is no exception. The uniqueness of this city is the absence of a centralized waste collection or disposal as its only solid waste incinerator located at Vilapilsala (8°32 0 20 00 N; 77°02 0 19.5 00 E) is shut down due to local agitation. Hence, domestic wastes and sewerages together with industrial effluents find its final destination in the streams which ultimately debouch into the Veli-Akkulam Lake. The high content of solid and liquid waste material will change the water's natural colour, odour, taste, turbidity and temperature. Hence, these waters cannot be used for drinking and domestic purposes. This polluted water on entering the lake will also lead to eutrophication. Figure 2a -d shows four different streams that drain to the Veli-Akkulam Lake. Figure 2a shows the stream which flows through Kannanmoola. Water from this stream is highly polluted with waste materials and has a pungent smell and is light black in colour. Sample no 34 represents this stream. The water is turbid and slightly hard in nature. It is not suitable for drinking and domestic purposes. Most of the solid waste materials are dumped into the stream, thereby polluting its water. Figure 2b shows the stream which flows through Plamoodu, and sample no 28 represents this. The water from this stream shows pungent smell and is black in colour. It is slightly turbid and hard in nature. Figure 2c , d (represented by sample nos 25 and 30, respectively) depicts water scarcity. The excess quantity of waste dumped has resulted in stagnation of water, and its free flow of water has been hampered. This results in water scarcity in the further downward traverse of some streams. This stagnation also promotes breeding of mosquitoes.
Variations in other physical parameters are also mainly attributed to anthropogenic activities. The larger variation in EC (from 46.2 in sample 28 to 4380 ls/cm in sample 20) is mainly attributed to anthropogenic activities as well as to the geochemical processes prevailing in this region. Hardness of the water samples also varies among moderately hard, hard and very hard (from 50 in sample 27 to 505 sample 20) precluding the use of the water for drinking, domestic or irrigation purpose. Samples 20 and 21 are the most polluted ones. These samples were collected from two adjacent streams at Kazhakuttom. These streams are sites of poultry and live stock waste disposal, in addition to the usual wastes. To find out the suitability of water for domestic, drinking and irrigation purposes, the data have been plotted on US Salinity Laboratory (Fig. 3) , Wilcox (Fig. 4) and Hill Piper (Fig. 5 ) diagrams, and this shows that most of the water samples in the study area are unfit for various purposes. In the US salinity diagram, except samples 20 and 21, all the samples fall in low-sodium hazard area. Similarly in Wilcox diagram, except the same samples 20 and 21, rest of the samples fall in very good to good fields. The ionic distribution present in the water sample can be determined by using Hill Piper diagram. Based on this diagram, it is recognized that most samples are under the sodium chloride type.
Spatio-temporal changes of Veli-Akkulam Lake
The spatio-temporal changes of Veli-Akkulam Lake and changes in the land-use/land-cover pattern of adjacent areas, over a period of 61 years, were extracted from the Survey of India topographic sheets and Google Earth Imagery (Fig. 6) . Table 4 shows the variation in the areal extent of this lake over time. The lake shows a small change in the areal extent from 1942 to 1990. But there was a contrasting change in the areal extent of the lake between 1990 and 2013 which is a real matter of concern. Comparative studies point out that the shrinkage of area is more than 28 % during this short period owing to the real boom of urbanization and increase in population (Table 5) . It was The most striking intervention is the conversion of flood plains of the lake into large and small settlements. The wetland areas have witnessed reclamation (Fig. 7a) . Numerous multi-storied buildings started mushrooming in the wetlands during this period (Fig. 7b) . As a result only a few stretches of wetlands are seen today. Beyond the geological phenomena of the shrinking of lakes, the aggravated human interference played a major role in shrinking the lake and its flood plains. Due to the lack of bathymetric data, the changes in the depth were not analysed. The reclamation activity in the lake areas has resulted in the reduction in the original capacity or areal extent of the lake.
Land-use changes in and around Veli-Akkulam Lake
Spatio-temporal changes in land-use and land-cover are common in any urbanized region. An analysis of different temporal data will give an idea about these changes. Figure 8 and Table 6 show the change in the areal extent of different land-use/land-cover classes between 1942 and 2013. The study reveals that coastal alluvium, wetlands and mixed cultivation with settlements were the major landcover during earlier days. Moreover, the earlier maps show that roads were fewer and most of the land was covered by mixed cultivation with settlements. The major cultivation of these areas was coconut, mango, jackfruit and cashew plants. The coastal tract was completely occupied by coconut trees. Now, the entire coastal alluvium, present very close to the lake, has been converted into settlement with mixed cultivation. Residential establishments increased exponentially. Widening and construction of new roads took place. The Thiruvananthapuram City by-pass road from Kazhakkuttam to Kovalam has led to the bifurcation of certain water bodies and marshes and truncated many lower-order streams, thereby reducing water infiltration, increasing water-logging condition along a few stretches (Muraleedharan and Muraleedharan 2002) as well as blocking the coast perpendicular drainage systems which are generally natural pathways for excess surface water to get drained off during heavy monsoon. Many of the multistoried buildings, industrial establishments such as Technopark, Vikram Sarabhai Space Centre (VSSC), factories, air force academy and boat club are situated in the area. These offices and industries have created a lot of employment opportunities, and hence, people from nearby suburban and rural areas have migrated and settled down in the urban areas. This increase in population might be the main reason for the change in the land-use pattern. Moreover, factories and industries have also played some role in the formation of barren or waste land in their adjoining areas. Agricultural land has been replaced to a large extent by either settlements or industrial establishments. Increase in various types of human activities has resulted in increase in waste dumping. Large-scale construction of apartments and flats are quite common now days, so sewages are directly opened to the surface water system, which in turn contaminate the lake.
Conclusions
The hydrogeochemistry of the lake and its feeding system were studied by the analyses of water samples by various analytical methods and comparison with the BIS standards. Based on the hydrogeochemistry, it is revealed that most of the stream water samples contain normal content of cations and anions in the upstream portion and gradually there is a gradual deterioration in the quality as it flows through the agglomeration. This is pictorially shown in Fig. 9 . Thus, the main natural channels draining into the lake have been changed into a major source of pollutants. These streams contain sewage wastes, poultry wastes and waste from households. These streams together with other streams have resulted in the high concentration of ions in the lake water. In some portions of the lake, high amount of the algal contents are seen giving an indication of a minor eutrophication.
Spatio-temporal study of lake and its land-use/landcover shows that the pressure of the population has resulted in the shrinkage and alteration of this wetland system (Fig. 10) . It is identified that most of the coastal alluvium is gradually being occupied by small-and large-scale buildings. Wetlands have also changed due to reclamation activities. As the years pass, a lot of adverse changes are happening in the land-use and land-cover pattern in and around Veli-Akkulam Lake. Agricultural land has been replaced to a large extent by either settlements or industrial establishments. The reclamation activity in the lake area has resulted in the reduction in the original basin capacity.
Since the lake and the adjacent wetland system are under a threat of eutrophication, a few measures are suggested to prevent the lake from further eutrophication.
1. Awareness to people that the lake is under the threat of unfettered pollution and this will affect their lives also. 2. Streams should be freed from being sites of waste dumping. 3. Remove all waste material from the water by using technical and chemical methods. 4. Keep the lake's drainages clean and neat, and this will increase the storage capacity and quality of the water in the lake. 5. Sediments that enter into the lake can be reduced by greening and afforestation in the hinterland, and the status quo of the basin capacity maintained by periodic dredging. 6. Quality monitoring of water needs to be done periodically in months or every year. 7. Improper land-use in and around the lake must be curtailed, thereby preserving the current areal extent of the lake. ,83,086 6,46,372 8,89,635 10,48,283 Source: Census of India (1981, 1991, 2001, 2011) Proper management of waste and land-use and landcover in and around Veli-Akkulam Lake will prevent water pollution to a great extent. This will help retain the areal extent of the lake. Reduced waste material entering into the lake will also reduce the dissolved solids and ionic content of the water. This in turn will prevent the possible eutrophication of the lake also. This will increase the irrigation and domestic quality of the water. So the lake water can be used for irrigation while it is free from pollution, and also it can be used for domestic and drinking purposes. Using the simple pollution prevention steps is an economical way to tackle the deterioration of this once pristine backwater. Effective management must ensure that the best use is made of available supplies, including Increase in area from 1942 to 2013 is due to the shrinkage of lake Fig. 9 Pictorial representation of changes of ions throughout the traverse of feeder streams protection from pollution, and should seek to limit conflicts over access to freshwater. This calls for the establishment of clearly defined policies and strategies as well as the development of enforceable mechanisms and tools for water pollution control.
